The enzymic properties of ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase purified from rice (Oryza sativa L.) leaves were studied. previously (21). A buffer containing 12.5% (v/v) glycerol was used throughout the purification, and all steps were done within 36 h. The purity ofthe enzyme preparation was verified by native and SDS-PAGE. The purified enzyme (5-10 mg ml-') was stored at 0 to 4C in 50 mM phosphate buffer (pH 7.5) containing I mM DTT, 0.1 mM EDTA, and 12.5% (v/v) glycerol in small cryotubes (Nunc). Under these conditions, the enzyme was stable for at least 1 year. Prior to use, the stored enzyme was pretreated at 37C for 1 h.
Comparison of rice leaf RuBP carboxylase with other C3 plant carboxylases showed that it had a relatively high affinity for CO2 but the lowest catalytic turnover number (V.,,,,) among the species examined.
RuBP' carboxylase/oxygenase [EC 4.1.1.39] catalyzes two competing reactions of RuBP, carboxylation which yields two molecules of 3-phosphoglycerate, and oxygenation which gives one molecule of 3-phosphoglycerate and one molecule of 2-phosphoglycolate. They are the primary events in photosynthesis and photorespiration, respectively.
RuBP carboxylases have been purified from a number of photosynthetic organisms and their enzymic properties have also been examined. However, only a few studies have dealt with rice leaf RuBP carboxylase (1, 22) , and its detailed properties are still unknown despite the fact that rice is one of three major crops, together with wheat and maize, in the world. Here we detail the enzymic properties ofRuBP carboxylase purified from rice leaves and compare them with data from rapid assays ofcrude extracts from other C3 plants.
MATERIAIS AND METHODS
Plant Materials. Rice (Oryza sativa), soybean (Glycine max), spinach (Spinacia oleracea), tobacco (Nicotiana tabacum), wheat (Triticum aestivum), and sunflower (Helianthus annuus) were grown in a greenhouse or in the field of our university. Mature leaves were used for the enzyme preparations.
Purification and Storage of Rice Leaf RuBP Carboxylase/ Oxygenase. RuBP carboxylase from rice leaves was purified by (NH4)2SO4 fractionation followed by DEAE-cellulose column chromatography and Sephacryl S-300 gel filtration, as described ' Abbreviation: RuBP, ribulose 1,5-bisphosphate.
previously (21) . A buffer containing 12.5% (v/v) glycerol was used throughout the purification, and all steps were done within 36 h. The purity ofthe enzyme preparation was verified by native and SDS-PAGE. The purified enzyme (5-10 mg ml-') was stored at 0 to 4C in 50 mM phosphate buffer (pH 7.5) containing I mM DTT, 0.1 mM EDTA, and 12.5% (v/v) glycerol in small cryotubes (Nunc). Under these conditions, the enzyme was stable for at least 1 year. Prior to use, the stored enzyme was pretreated at 37C for 1 h.
Assay of RuBP Carboxylase/Oxygenase. RuBP carboxylase and oxygenase were assayed as reported by Lorimer et al. (20) , with some modifications.
Reagents. (a) 25 mm RuBP: Solutions of Na4-RuBP (Sigma) were stored at -20°C.
(b) Carboxylase buffer: This was C02-and 02-free 100 mM Bicine/NaOH (pH 8.0-8.2 at 25C) containing 25 mM MgC92.
The original pH of the solution containing Bicine and MgCl2 was about 4.5. It was purged with N2 for about 10 min, and then the pH was adjusted with carbonate-free NaOH and by flushing with N2 for 30 min. It was stored at room temperature in a screw-capped amber glass bottle flushed with N2. Before use, the buffer solution was again purged with N2.
(c) 25 and 250 mM NaH'4CO3: These solutions were prepared with a specific radioactivity of 1.0 mCi mmol-' and stored at 4°C in small screw-capped vials. Great care was taken to keep them from freezing or reaching more than 10°C, since the NaHCO3 solution is thermally sensitive.
(d) 25 and 250 mM nonlabeled NaHCO3: These were stored as described above.
(e) Oxygenase buffer: C02-free 50 mm Bicine/NaOH (pH 8.0-8.3 at 25C) containing 20 mM MgCl2 was prepared in a manner similar to the carboxylase buffer. The 02 concentration of the buffer was achieved at 25C by bubbling with the desired mixture Of 02 and N2 from precision flow meters.
Preparation and Activation ofRuBP Carboxylase/Oxygenase. A 0.5-to 1.0-ml sample of enzyme solution was passed through a Sephadex G-25 column (1.3 x 6.0 cm) previously equilibrated with 100 mm Bicine/NaOH (pH 8.2) containing 1 mM DTT and 0.1 mM EDTA. The eluate was held at room temperature.
In studies of the K,,, for CO2 and 02, 0.5 to 1.0 ml of enzyme solution was passed through a Sephadex G-25 column (1.3 x 6.0 cm) previously equilibrated with 100 mM Bicine/NaOH (pH 8.3) containing 25 mM MgCl2 and 5 mm Na2HPO4. The eluate was held at room temperature in a screw-capped vial and activated by injecting the NaHCO3 solution to a final concentration of 10 mM. The enzyme was completely activated by this procedure (see Figs. 2 and 3 ). In studies on the Km for RuBP, Na2HPO4 was omitted from the buffer because it is a competitive inhibitor with respect to RuBP (5, 12, 23) . The eluate enzyme was activated by injecting the NaHCO3 solution to a final concentration of 20 mM. (7) . The data in Figure  4 was recalculated from the results published previously (22) , using the pKa of 6.1 1.
Oxygenase Assay. A 2.0-ml solution of the oxygenase buffer equilibrated at 25°C with gas of the desired 02 content in N2 was transferred to an 02 electrode vessel (Rank Bros., Bottisham, Cambridge, U.K.). The electrode vessel was immediately stoppered and checked to ensure the absence of bubbles. Vessel temperature was maintained at 25°C by controlling the temperature of water flowing through its jacket. A portion of 25 mM RuBP was injected through the small hole in the stopper. When temperature equilibrium was reached, the reaction was initiated by injecting the activated enzyme. To minimize the effect ofCO2 from the preactivation solution on oxygenase activity, small volumes of highly concentrated enzyme had to be added. Oxygenase activity was determined by recording the initial rate of 02 consumption. To find the Km for 02, the amount of 02 entering and/or leaving through the small hole in the stopper was minimized by purging this section with 02 of the same concentration during the assay. Standard calibrations were made with aerated distilled H20 (253 uM at 25°C). Other detailed conditions are described in each experiment.
Kinetic Properties of RuBP Carboxylases from Several C3 Species (Rapid Assay with Crude Extract). Rice, spinach, tobacco, and wheat leaf tissues (about 2 g each) were homogenized rapidly in 8 ml of 100 mm Bicine/NaOH (pH 7.8) containing 10 mM DTT, 25 mM MgCl2, 1 mm Na2HPO4, 1 mM EDTA, and 12.5% (v/v) glycerol in a chilled mortar with a pestle and acidwashed quartz sand. Soybean and sunflower leaves were homogenized in a buffer of 100 mm Hepes/NaOH (pH 7.2), 10 mM DTT, 25 mM MgCl2, 1 mm Na2HPO4, 1 mM EDTA, 12.5% (v/ v) glycerol, and 3% (w/v) Polyclar AT. The homogenate was centrifuged at 39,000g for 5 min at 0 to 4°C. A 1.0-ml portion of the supernatant was passed through a small column (1.3 x 6.0 cm) of Sephadex G-25 previously equilibrated with 100 mM Bicine/NaOH (pH 8.0) containing 1 mM DTT, 25 mM MgCl2, 1 mM Na2HPO4, and 0.1 mm EDTA at room temperature. The eluate was activated by injecting the NaHCO3 solution to a final concentration of 10 mM. RuBP carboxylase activity was measured as described above. The assay was completed within 1 h after the leaves had been collected.
The amounts of RuBP carboxylase protein in the eluate fraction were determined using SDS-PAGE. A 0.5-ml portion of the eluate fraction was boiled for 1 min with 80 ul of 10% (w/v) SDS and 20 ,l 2-mercaptoethanol. After cooling, 5 to 15 pl of the sample was loaded onto slab gels (13.7 x 12.7 x 0.1 cm) containing a 12 to 18% (w/v) polyacrylamide-gradient resolving gel with a 5% (w/v) polyacrylamide gel stacker, using the buffer system of Laemmli (16) Equilibrium activation studies were conducted with the rice enzyme according to the analysis of Lorimer et al. (19) . The results of this study are shown in Figure 1 , as double reciprocal plots of carboxylase activity versus the preincubation concentration of CO2. The obtained data approximated the above equation, indicating that rice RuBP carboxylase is activated by preincubation with CO2 and Mg2e like the spinach enzyme. Some data did not agree with this at lower CO2 concentrations, but this may have been due to changes in the activation taking place during catalysis. Therefore, these data were not included when the slopes and intercepts of the plots were determined. The lines drawn in Figure 1 intercept (4, 9, 17) .
Effect of Phosphorylated Metabolites on Activation of RuBP Carboxylase. Kinetic equilibrium studies of the activation process were conducted using an approach similar to that described in Figure 1 . The metabolites examined, NADPH, 6-P-gluconate, and Pi have been reported to be competitive inhibitors ofcatalysis with respect to RuBP for the spinach carboxylase (5, 12, 23 Figure 3 shows the effect of pH on activation of rice RuBP carboxylase at high concentrations of Mg24 and HCO3-in the presence or absence of 5 mm Na2HPO4. The activity in the absence of Na2HPO4 increased as the preincubation pH was raised, but in its presence remained irrespective ofpH. Moreover, the activity with Na2HPO4 was 10 to 20% greater than the maximum activity without it. RuBP carboxylase is generally considered to be fully activated by preincubation with Figure I (0) except that the activation buffer contained 0.5 mM Na2HPO4 (0), NADPH (A), or 6-P-gluconate (A). Assays were run as described in Figure 1. ditions. The kinetic equilibrium studies shown in Figure 1 (Fig. 4) . Previously, we reported that the Km of the rice enzyme for CO2 was 14.4 ,uM (22) , but had not corrected the value for the ionic strength of the assay buffer. The present data were corrected. The Km(02) and V,,, values for oxygenase reaction were 370 ,M and 0.60 units mg-', respectively (Fig. 4) . CO2 and 02 reacted as a substrate and a competitive inhibitor, respectively, in the carboxylation, and conversely as a competitive inhibitor and a substrate in the oxygenation (Fig. 5) . Similar to other RuBP carboxylases (2, 18) , the Ki values for 02 and CO2 were close to the respective Km values. The Km values for RuBP of carboxylation and oxygenation were examined using the enzyme activated with 25 mM MgCl2 and 20 mm NaHCO3. Na2HPO4 was not added because it is a competitive inhibitor with respect to RuBP (5, 12, 23) . The respective Km values for RuBP of carboxylase and oxygenase were 31 and 29 ,uM (Fig. 6) .
Comparison of the Kinetic Properties of Rice RuBP Carbox- (10) found that although the theoretical specific activity of spinach RuBP carboxylase is 2.8 units mg-' at 30°C, the purified enzyme generally exhibits only 1.0 to 2.3 units mg-' of activity. Also, Seemann et al. (24) reported that the true specific activity of RuBP carboxylase in vivo is higher than that of the purified enzyme, probably due to degradation of catalytic sites of the enzyme during its purification. Therefore, our results cannot be directly compared with those of other higher plant carboxylases reported in literature.
We examined the kinetic parameters ofthe carboxylase activity from several C3 species including rice by rapidly assaying the crude extracts. RuBP carboxylase activity was measured within 1 h of leaf collection, and then the amounts of the carboxylase protein in the crude extract were determined using SDS-PAGE. As shown in Table I , the activities obtained were significantly higher than those of the purified carboxylases generally found in literature. Assuming that the Qlo is 2.2 above 1 5C (3), the V,,,< values at 30°C are in the range of 4.1 to 2.4 units mg-'. These are comparable to recent published values using rapid assay of crude extracts (6, 8, 24) . However, the RuBP carboxylase activity from rice was the lowest, being close to that obtained with the purified enzyme (Fig. 4) . These results indicate that our purified enzyme was not degraded nor inactivated during purification, probably because we used a buffer containing glycerol throughout the purification (21 Figure 4 . B, CO2 inhibition of RuBP oxygenase activity. Assay (2 ml, total volume) was carried out at 25C in 100 mM Bicine/NaOH (pH 8.0), 25 mM MgCl2, 0.3 mM RuBP, and the indicated CO2 and 02 concentrations in an 02 electrode vessel. Enzyme reactions were initiated by injecting 40
Mul of enzyme (70 ag), which had been activated as described in Enzyme reaction was initiated by injecting 5 Ml ofenzyme (3.3 ,g ), which had been activated with 100 mM Bicine/NaOH (pH 8.3), 25 mM MgC92, and 20 mM NaHCO3. RuBP oxygenase assay was run as described in Figure 4 except that 02 was kept constant at 253 M, RuBP concentration was as indicated, and 88 Mg of enzyme (15 Ml) was used. Prior to the assay, the enzyme was activated as described above. The slopes and intercepts ofthe plots of [RuBPJ/velocity versus [RuBP] were determined as described in Figure 4 . (Table I) . They did not differ significantly from those obtained with RuBP carboxylases purified from C3 species. Similarly, the Km(CO2) from .rice was equal to that of the purified enzyme and was relatively low among the species examined.
Recent comparative studies of RuBP carboxylase (13, 14, (24) (25) (26) suggest that variation in the Km(CO2) is not necessarily associated with that in the Vm, within C3 species although a correlation between them is recognized in all photosynthetic organisms including C4 species and algae; higher specific activity forms are associated with a decreased enzyme affinity for CO2. The results shown in Table I , however, suggest that this correlation can also be found for C3 species. Further surveys to clarify this trend are in progress.
Detailed examination of the enzymic properties of rice leaf RuBP carboxylase revealed no surprising characteristics. However, among the carboxylases from higher plants, the rice enzyme 61 exhibited a high affinity for CO2 and a relatively low catalytic turnover number.
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